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The work described here is an uHrasonies based experimental study which aims to 
address the lack of a reliable technique for detecting strength loss in adhesive joints after 
exposure to hot wet environments. This is manifested as a change in the failure mode of an 
adhesive system from a cohesive failure in the as-made condition, that is failure through the 
adhesive, to an adhesive failure, failure between the adhesive and adherend, after exposure 
to a hot, wet environment. This work has been concemed with the bonding of aluminum 
using two part epoxy adhesive. The reason for the change in failure mode is thought to lie in 
changes in the oxide layer which is present between the aluminum and the epoxy. The oxide 
layer generally has a porous structure into which epoxy can penetrate, forming a micro-
composite layer, referred to as the interlayer. 1t is the detection of changes in this interlayer 
which present the biggest problern to current N.D.T. techniques for adhesive joints [1]. This 
is largely a problern of size, the interlayer being typically no larger than a few microns thick, 
sandwiched between several hundred microns of epoxy and several millimetres of aluminum. 
1t is the need to detect changes in such a thin layer through such a thick layer which presents 
the biggest problem. 
X-ray inspection is unsuitable for detecting changes in the interlayer as the radiographs 
will be dominated by metal adherends, and so any changes in the interlayer will be entirely 
masked by the adherends [2]. Even disbonding is difficult to detect as there is little or no 
change in the amount of material between the source and the receiver. Thermography is a 
technique which is capable of detecting areas of disbonding, but its sensitivity can be 
seriously affected by adherend thickness and the depth of any disbonding [3]. As with X-ray 
inspection, eddy current testing is sensitive to changes in the metal adherends, and will only 
tend to show changes when corrosion has removed metal. This leaves ultrasonics and a few 
other methods, such as neutron radiography and dielectric frequency spectrum analysis as 
potential techniques. Neutron radiography may well be able to detect changes in the 
saturation of the epoxy if not actual changes in the interlayer; this in itself would be valuable 
information. Dielectric measurements reportedly have the sensitivity to detect free water at 
the interface, and also distinguish between free and bound water. [ 4] The disadvantage with 
dielectric measurements is the lack of spatial resolution, because the two metal adherends 
behave as the electrodes in a capacitor, so the result is an average measurement. Using 
ultrasonic methods it is possible to be sensitive to change in the properties of an embedded 
layer with thickness less than one wavelength. At 50MHz, this enables us to inspect for 
changes in layers smaller than lOOJ.lm. We would ideally like tobe sensitive to changes in 
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layers considerably smaller than this, but it is considerably better than most other techniques 
will permit.[S-6] 
ULTRASONIC TECHNIQUES 
There are three ultrasonic set-ups being used in this project :-normal incidence 
reflection coefficient measurements, oblique incidence retlection coefficient measurements, 
and C-scanning at both normal and oblique incidence. 
Normal lncidence Reflection Coefficient 
This is a common ultrasonic technique which can easily be used for detecting and 
characterising embedded layers, assuming there is a large enough difference in the acoustic 
impedance of the layer and the surrounding media. The attractions of this technique are that 
it uses relatively simple test equipment, is easy to set-up and with low attenuation 
adherends it is possible to test at frequencies up to lOOMHz. However even this frequency is 
not high enough to reliably detect the presence of typical mdde layers. This can be made 
worse if the porosity of the oxide layer falls within a certain range as the difference in 
acoustic impedance between the oxide and the alumirrum becomes very small [7]. This 
technique is sensitive enough to detect and measure water layers with thicknesses as low as 
a few microns. Due to the reliability of normal incidence RC measurements and the very 
good reproducibility of results it is being used as a reference for the normal incidence 
scanning. This technique will not detect changes caused by plasticisation of the epoxy due to 
water uptake as this is a strain rate dependant effect, and the strain rates produced at 
uHrasonie frequencies are too high [8]. 
Oblique Incidence Reflection Coefficient Measurements 
This technique allows considerable increase in sensitivity to the presence and 
properties of the interlayer. To carry out oblique incidence measurements a pair of probes is 
used, a transmitter and a receiver. A longitudinal wave is produced in water which when it 
impinges on the alumirrum at oblique incidence mode converts and produces both 
longitudinal and shear waves in the aluminum, Fig.l. By controlling the angle at which these 
shear and longitudinal waves are incident on the interlayer a substantial increase in 
sensitivity to the oxide properties is gained over the normal incidence method. However this 
method is more complicated due to the transversely isotropic nature of the interlayer. This 
makes the modeHing of the response of the interlayer to oblique incident waves more 
difficult and this is being looked at in more detail in a separate project [9]. Previous work 
carried out at Imperial College had identified a 32° shear wave incident in alumirrum as being 
the most sensitive to changes in the properties of the interlayer [ 1 0]. This has the added 
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Figure 1. Schematic of mode conversion of longitudinal input. 
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benefit of being beyond the longitudinal critical angle which means that there are fewer 
reflections received from the specimen. It has also been shown that the shear-shear 
reflection coefficient is sensitive to very thin water layers, which should allow us to detect 
wateras a layer at the interface. The detection of water travelling along the interface will 
however be dependent on its plan area being a significant percentage of the probe footprint 
area. 
Normal and Oblique Incidence C-scanning 
This common ultrasonic technique is being used as the first method for detecting 
change in the specimens after they have been left in a hot water bath. This essentially gathers 
the same information as reflection coefficient measurements, plotting the amplitude of the 
reflected signal relative to its position on the specimen. Therefore the sensitivity of a C-scan 
is at best only as good as point reflection coefficient measurement taken using the same 
probes. When using a pair of plane wave probes for the oblique incidence scans it quickly 
became clear that the resolution of the scans was poor, and the amplitude of the received 
signal was very sensitive to misalignment caused by slight bowing of the plate. For this 
reason long focus probes are being used, giving better resolution and less variability of 
signal due to very slight bowing of the specimen. For the oblique incidence scans 1 OMHz, 
75mm focus, probes are used, and for the normal incidence scans, a 50MHz, 25mm focus, 
probe is used. 
SPECIMENS 
The design of the specimens used for this project was heavily influenced by previous 
work carried out in the N.D.T. Lab at Imperial College. This had involved using a two layer 
specimen consisting of epoxy cast upon an aluminum plate. The exposed aluminum epoxy 
interface was sealed with a marine paint, leaving diffusion through the epoxy as the only 
access for water to the interlayer. They were then immersed in hot water, and inspected 
using normal and oblique incidence reflection coefficient measurements at regular intervals. 
These specimens however failed to show any sign of change even after many hundreds of 
days of exposure. At the same time as these specimens were made, more conventional three 
layer specimens were fabricated and exposed to the same conditions as the two layer 
specimens. Many of these specimens showed total failure after exposure times which had 
shown no change on the two layer specimens. The most significant difference between the 
two and three layer specimens was the open edges on the three layer specimens. 
Fig.2 shows the two layer specimen design used in the current project, it incorporated 
all the edge conditions from previous two and three layer specimens; two of the edges were 
sealed with a marine epoxy paint, and two were left open. Each specimen also had two 
edges where the epoxy was recessed from the edge of the aluminum, and two that had the 
epoxy and aluminum edges flush as seen in Fig.2. The attraction of the recessed epoxy edge 
is that when scanning from the top surface of the aluminum the edge of the epoxy can be 
seen before any part of the probe has overrun the edge of the plate. Having sealed and 
unsealed edges on the same specimen allows us to see the difference between areas where 
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Figure 2. Two layer specimen design. 
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water has had access along the interface and where the only access has been via diffusion 
through the epoxy. The three layer specimens were essentially the same as the two layer 
specimen shown in Fig.2, but with the inclusion of a top adherend identical to the bottom, 
and a reduction in the epoxy layer thickness to 0.3mm. In both cases the aluminum was an 
aerospace grade, 4mm thick plate. The epoxy was an unmodified 2 part Ciba Geigy resin, 
AY103 resin, with HY951 hardener, which eures in 24 hours at room temperature. 
There is a range of pretreatments which are commonly used in the preparation of 
aluminum adherends prior to bonding [11]. The preparation used is oftendependent on the 
nature of the environment which a component is liable to see in its life and also its 
contribution to structural integrity. The more safety critical components, as used for 
example in the aerospace industry, tend to have an anodisation process prior to bonding. 
This is designed to give a stable, corrosion resistant open pore oxide layer, into which the 
epoxy is able to penetrate and key with. The commonly used anodisation processes are 
chromic (CAA) and phosphoric acid anodising (P AA). A less corrosion resistant 
pretreatment (FPL or CAE) is an etch process designed to remove the inherently unstable 
oxide layer on as-received aluminum and replace it with a more stable but thin oxide layer. 
The least durable joint is produced by simply grit blasting and degreasing the surface, which 
gives very little corrosion protection. All four of these pretreatments have been covered, 
with both two and three layer specimens. At least two of each type of specimen have been 
made, with one stored in a dessicator to act as a reference, while the other is left in a hot 
water bath at 50°C, and then removed and scanned. With the transparent epoxy layer on the 
two layer specimens it is possible to inspect these by eye as a guide to the interval between 
scans. J'he aluminum surface through which the ultrasonic inspection would be carried out 
were protected by a silicon rubber while it was in the hot water bath in order to prevent 
corrosion. 
RESULTS AND DISCUSSION 
Figs 3a and 3b show the initial normal incidence scan from a 2 layer grit blast 
specimen and that from the same specimen after 52 days exposure to hot water. For the sake 
of clarity the recessed edges of the scan have been removed, although some dark edges can 
just be seen. The first scan is uniform, with the surface roughness caused by the grit blasting 
showing as white specs in a few places. The second scan shows most obviously a large area 
of debonding. From visual inspection this debond appears to have started from corrosion on 
the exposed metal at the flush edge forcing the epoxy away from the metal. As other 
specimens have failed in a similar manner it would appear that it is easier for corrosion to 
force the epoxy away from the metal at the flush edge as opposed to the recessed edge. 
From the scan large parts of the debonded area are showing as white (low reflection) and 
this is associated with signallass due to scattering from the surface roughness caused by 
corrosion. However the areas at the front of the crack growth can be seen as black (high 
reflection); this is caused by a layer of water before corrosion has roughened the surface. 
The crack edge appears as an abrupt change in signal amplitude with no gradual change 
appearing ahead of the crack. Normal incidence measurements from close to the tip of the 
crack indicate a water layer no less than 7!-tm in thickness. 
Figs. 4a and 4b show the same specimen asthat in Fig. 3 but scanned using oblique 
incidence. These scans show essentially the same features as the normal incidence scan but 
with slightly less resolution, and also less sensitivity to surface roughness. There is similarly 
no sign of a precursor to debonding. The increased sensitivity to interlayer properties and 
embedded water layers has been unable to detect any changes that are not apparent at 
normal incidence. However the poorer resolution has meant that small defects which are 
visible on the normal incidence scan are not seen at oblique incidence. Fig.3b shows a small 
debond ahead of the main crack which is less than 1mm in diameter; this cannot be seen 
from the oblique incidence scan taken at the same stage (Fig.4b). 
Figs.5a and 5b show that similar failure patterns occur on the more durable specimens 
created using anodised surfaces. lt can be seen that it has taken more than twice as long to 
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Figure 3. Normal incidence scans from 2 layer gritblast specimen; (a) initial; (b) after 52 
days in hot water. 
(a) (b) 
Large disbond as een in Fig. 3b 
Figure 4. Oblique incidence scans from 2 layer gritblast specimen; (a) initial; (b) after 52 
days in hot water. 
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Figure 5. Normal incidence scans from 2 layer CAA; (a) initial; (b) after 103 days in hot 
water. 
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Figure 6. Normal incidence scans from 3 layer gritblast specimen; (a) initial; (b) after 52 
days in hot water. 
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Figure 7. Normal incidence scans from 3 layer FPL specimen; (a) initial; (b) after 25 days 
in hot water. 
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Fig.8. Finer resolution scan of area shown in Fig.7b. 
produce an area of disbonding no larger than that seen on the grit blasted specimen. This 
specimen has failed in a very similar manner, with corrosion at the unprotected edge 
initiating the disbond. This was probably accelerated due to this edge no Ionger having the 
protective oxide, as this edge was machined back to generate the flush epoxy aluminum 
edge. There is further evidence of the improved interfacial strength of this specimen as 
cracks could be seen running from the edge of the disbond up into the epoxy layer as 
opposed to along the interface. In general no two layer specimens have shown signs of 
disbonding at edges where the interface has been sealed. 
Figs.6a and 6b show a comparable three layer gritblast specimen to the two layer 
specimen discussed earlier, having been exposed to identical conditions. lt can be seen that 
after 52 days in hot water the size of the disbonded area is considerably smaller. The 
difference between these specimens is the presence of the top adherend. This will have two 
effects; firstly it will pievent water being absorbed by the bulk of the adhesive, and secondly 
it will stiffen the whole joint. Given that areas of the two layer specimens that have only 
been exposed to water via diffusion through the bulk adhesive have yet to show any signs of 
degradation this leaves the stiffening effect as the more probable reason for the slower 
failure. This trend has been seen to follow across all pretreatments, with three layer anodised 
specimens showing virtually no sign of change after nearly 200 days of exposure. 
To contrast these typical failures there have been some failures which are less easily 
explained. Figs.7a and 7b show the initial scan and that after 25 days of exposure to hot 
water respectively, from a 3 layer FPL specimen. Other than the few features that were 
already present on the initial scan, two disbonds can be seen. The difference between these 
and the disbonds seen on most other specimens is that, although close to the edge, they are 
distinctly separate from it. Fig.8 shows a higher resolution scan of one of these disbonds. 
This shows no sign of a connection between the disbond and the edge. This specimen was 
subsequently sectioned, and after levering apart, what appeared to be a stain could clearly be 
seen. This stain also marked the point at which the section started to fail adhesively. The 
surprise was that the adhesive between the stain and the edge failed cohesively with the 
interfacial failure running a little further into the specimen before becoming cohesive again. 
Scanning electron microscopy examination of this stained area revealed that the stain was 
not continuous but rather a collection of smaller stains, dustering around the area that could 
be seen by eye. Other sections were taken from this specimen, both from around features 
seen on scans as well as from areas remote from any signs of change. The only areas that 
failed interfacially were at, or adjacent to, areas of disbonding that had been detected from 
the scans. The areas sectioned away from any signs of change failed cohesively, with the 
exception of a small area along the flush unsealed edge, which was too close to the edge to 
be scanned. 
CONCLUSIONS 
Currently we have been able to detect changes caused by environmental attack only 
when there has been resultant disbonding. Wehave been unable see any precursors to 
disbonding, such as the ingress ofwater (except in disbonded areas). Wehave also seen that 
the stiffness of the adherends appears to affect the rate at which the joint fails. However 
there have not been any areas of cohesive failure which have not been at or near the site of 
detected disbonding. Other areas of specimens that have been sectioned away from any signs 
of change have failed cohesively without exception. We do need to look for other methods 
to determine if there are changes occurring in these specimens which are not being detected, 
but which are decreasing the interfacial strength of the bond. Several possibilities are under 
investigation, including neutron radiography, dielectric testing and also mechanical testing. 
20MHz focused probes are also being purchased in an effort to improve both the sensitivity 
and resolution of the oblique incidence scans. lt is important to remernher that these 
specimens are unloaded, so a crack will only run along a weakened interface if there is a 
driving force, such as corrosion forcing the adherends apart. This may mean that we may 
need to load the most durable specimens (three layer anodised) before any significant s(gns 
of change are seen. lt is hoped to report further results at the next QNDE meeting. 
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